The complete nucleotide sequence of the mitochondrial (mt) genome of the deep-sea vent snail Ifremeria nautilei (Gastropoda: Abyssochrysoidea) was determined. The double stranded circular molecule is 15,664 pb in length and encodes for the typical 37 metazoan mitochondrial genes. The gene arrangement of the Ifremeria mt genome is most similar to genome organization of caenogastropods and differs only on the relative position of the trnW gene.
Introduction
Totally independent from sunlight, deep-sea hydrothermal vent and cold seep ecosystems are based on chemoautotrophic bacteria, which either have symbiotic relationships with or are the food source of complex metazoan communities mainly dominated by vestimentiferan tubeworms (siboglinid polychaetes), vesicomyid and bathymodiolid mussels, provannid snails, and bresiliid shrimps (Van Dover, 2000; Van Dover et al., 2002; Little and Vrijenhoek, 2003) .
Several authors (Newman, 1985; Tunnicliffe, 1992; McArthur and Tunnicliffe, 1998 ) advocated for ancient (Paleozoic) origins of deep-sea hydrothermal vent and cold seep macrofauna based on the morphology of extant taxa inhabiting these ecosystems, the observed high levels of endemic and relict species, and the potential role of hydrothermal vents and cold seeps as refugia during mass extinctions thanks to their energy autonomy. Although it is true that living deep-sea fauna have significantly longer geologic ranges than other marine fauna (Kiel and Little, 2006) , the rich fossil record of e.g. vent and seep mollusks goes back to the Late Jurassic-Early Cretaceous, suggesting relatively modern (Late Mesozoic or even Cenozoic) origins from non-vent ancestors (Jacobs and Lindberg, 1998; Warén and Bouchet, 2001; Little and Vrijenhoek, 2003; Kiel and Little, 2006) . Moreover, early molecular studies also supported relatively younger origin, although based on relatively short sequences and poorly resolved phylogenies that used calibrated strict molecular clocks (Peek et al., 1997; McArthur and Koop, 1999; Shank et al., 1999; Little and Vrijenhoek, 2003) . In order to discriminate among competing hypotheses, it would be important to reconstruct robust phylogenies based on multi-gene data sets, to use relaxed-molecular clocks (Yang et al., 2013) , and to select groups with a rich fossil record (Little and Vrijenhoek, 2003) .
Snails of the superfamily Abyssochrysoidea (Gastropoda:
Caenogastropoda) commonly occur in deep-sea environments including hydrothermal vents, hydrocarbon seeps, and sites of organic deposition such as sunken wood and whale-falls (Johnson et al., 2010) . These gastropods represent a relatively ancient lineage that has persisted since at least the Middle-Late Jurassic (Kaim et al., 2008; Kiel et al., 2008; Kiel, 2010) . Therefore, this group of enigmatic gastropods constitutes a nice model system to test alternative hypotheses on the origin of the deep-sea hydrothermal vent and cold seep fauna. The superfamily Abyssochrysoidea, as currently constructed (Sasaki et al., 2010) includes two extant families: Abyssochrysidae, with the only extant genus Abyssochrysos and the extinct genus Humptulipsia (Kiel, 2008) , and Provannidae, which includes the extant genera Ifremeria, Provanna, Alviniconcha, Cordesia and Desbruyeresia (Sasaki et al., 2010) and the Late Pliocene fossil genus Kaneconcha (Kaim et al., 2012) . Furthermore, the extinct family Hokkaidoconchidae (Kaim et al., 2008) has been also included in this superfamily, as well as the enigmatic extant genus Rubyspira, discovered from whale falls (Johnson et al., 2010) . Phylogenetic relationships within the superfamily were reconstructed by (Johnson et al., 2010) based on a multi-gene data set, suggesting the paraphyly of Provannidae. In this study, a relaxed molecular clock dated the origin of Abyssochrysoidea in the Early Cretaceous and lineage split into three major clades (Provanna; Rubyspira, Abyssochrysos, and Desbruyeresia; Alviniconcha and Ifremeria) during the Mid Cretaceous (Johnson et al., 2010) . Ifremeria and Alviniconcha are known exclusively from hydrothermal vents and they are the only known members of this superfamily to host chemosymbiotic bacteria in their gills (Kaim et al., 2012) As regards to its relative phylogenetic position within Gastropoda, the Abyssochrysoidea were initially considered by (Warén and Ponder, 1991) and (Warén and Bouchet, 2001) as relict members of the otherwise extinct Loxonematoidea, as suggested previously by (Houbrick, 1979) . Later, (Bouchet and Rocroi, 2005) placed them within the "Zygopleuroid group" of uncertain systematic position within the Caenogastropoda. On the other hand, phylogenetic analysis by (Ponder and Lindberg, 1997) and (Ponder et al., 2008 ); see Fig. 13 .16) based on morphological characters placed Provannidae as a sister group of Littorinidae and closely related to Eatoniellidae and Cingulopsidae. Likewise, phylogenetic studies based on mitochondrial 16S rRNA gene also placed tentatively Provannidae as a sister group of Littorinidae (Colgan et al., 2007) . Moreover, sperm ultrastructure suggested affinities between these two families (Healy, 1990) . Nevertheless, the systematic position of Abyssochrysoidea remains unclear and requires clarification with further genetic studies providing robust support.
Here, we report the complete nucleotide sequence of the mitochondrial (mt) genome of Ifremeria nautilei, the only known species of the genus. This large-sized snail is one of the dominant gastropods of the hydrothermal vent fields of the south-west Pacific, and is becoming a model system of Abyssochrysoidea for population genetic and phylogeographic studies (Kojima et al., 2000; Suzuki et al., 2006; Thaler et al., 2011; Hidaka et al., 2012) . The new mt genome sequence data of I. nautilei were combined with corresponding available data from other Caenogastropoda in order to elucidate its relative phylogenetic position. In addition, we investigated the evolution of mt genome rearrangements within Caenogastropoda, including the reported translocation of the tRNA TRP gene in the mt genome of I. nautilei (shared with Alviniconcha) with respect to Provanna, Abyssochrysos and Debruyeresia (Hidaka et al., 2012) .
Finally, we used a timetree of gastropods that was calibrated based on fossil data to test between competing hypotheses on the origin of Abyssochrysoidea. Total genomic DNA was isolated following a standard phenol-chloroform extraction. Two sets of specific PCR primer pairs were designed for long PCR:
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(1) IN16S.F (5'-CCGCGGTACTCTGACCGTGCAA AGG-3') and IN16S.R (5'-AGAAGCTCTGAATGTTCCTCAGTCGCCCCA-3'), which were derived from the rrnL sequence available at GenBank accession No. GQ290492.1 (Johnson et al., 2010) ; and (2) primers INCOX3.F (5'-AGGTTCTTGCTGGCCCCCTTCTGGA-3') and INCOX3.R (5'-GCAAAAAGCCCTTGAATAGCCTCTCTCCGA-3'), which were designed upon the sequencing of a DNA fragment that was PCR amplified using universal cox3
primers (Boore and Brown, 2000 and IN16S.R (see above). The amplified PCR fragment was Sanger sequenced to close the circular mt genome using the PCR primers and a walking primer,
The 13 mt protein-coding genes were annotated by identifying their open reading frames and by comparing them with other reported mollusc mt genomes using the MITOS (Bernt et al., 2013) and DOGMA (Wyman et al., 2004) webservers. The transfer RNA (tRNA) genes were further identified with tRNAscan-SE 1.21 (Schattner et al., 2005) and ARWEN 1.2 (Laslett and Canbäck, 2008) , which infer cloverleaf secondary structures. The ribosomal RNA (rRNA) genes were identified by sequence comparison with other reported mollusk mt genomes, and assumed to extend to the boundaries of adjacent genes (Boore et al., 2005) .
The gene order of the mt genome of I. nautilei was compared to the gene arrangement of other reported mollusk mitochondrial genomes (Table 1) : one cephalopod, Octopus vulgaris (Yokobori et al., 2004) , and 14 gastropods: one Vetigastropoda: Haliotis rubra (Maynard et al., 2005) , one Neritimorpha: Nerita melanotragus (Castro and Colgan, 2010) , one Patellogastropoda: Lottia digitalis (Simison et al., 2006) , six Heterobranchia: Roboastra europea (Grande et al., 2002) , Pyramidella dolabrata and Onchidella celtica (Grande et al., 2008) , Albinaria caerulea (Hatzoglou et al., 1995) , Aplysia californica (Knudsen et al., 2006) , Pupa strigosa (Kurabayashi and Ueshima, 2000) and five
Caenogastropoda: Oncomelania hupensis (Zhao et al., 2010) , Dendropoma maximum (Rawlings et al., 2010) and Cymatium parthenopeum, Bolinus brandaris and Conus borgesi (Cunha et al., 2009 ).
Sequence alignment
The mtDNA sequence of I. nautilei was aligned to the orthologous sequences of 14 complete mt genomes of representatives of main gastropod orders and one cephalopod (Table 1) . Derived amino acid sequences corresponding to all 13 mt protein-coding genes were downloaded from GenBank using MitoBank (Abascal et al., 2007) . Due to the relative high substitution rates of mtDNA, phylogenetic analyses were conducted based on the concatenation of the deduced amino acid sequences of the 13 protein-coding genes (hereafter the mt data set) in order to ameliorate saturation.
In addition, a nuclear data set was constructed by retrieving from
GenBank the nucleotide sequences of the nuclear genes 18S, 28S (segments d1 and d6), and histone H3 (Johnson et al., 2010) of the representatives of the main orders of gastropods and one cephalopod (Table 1) . In order to minimize missing data, in some cases we had to concatenate sequences from species for which there is strong evidence for the monophyly of the higher taxon rank (Table 1) . Finally, we concatenated mt and nuclear sequence data into a single data set, hereafter named the combined data set.
In order to construct the different data sets, deduced amino acid sequences of the 13 protein-coding genes (mt data set) or the nucleotide sequences of the three analyzed genes (nuclear data set) were aligned separately using MAFFT (Katoh et al., 2002) with default settings. Ambiguously aligned positions were removed using Gblocks, v.0.19b (Castresana, 2000) under default settings. Finally, the different single alignments were concatenated.
Phylogenetic analyses
Phylogenetic relationships were inferred using maximum likelihood (ML; (Felsenstein, 1981) and Bayesian inference (BI; (Huelsenbeck and Ronquist, 2001 ). ML analyses were conducted with RAxML v7.0.4 (Stamatakis, 2006) using the rapid hill-climbing algorithm. BI analyses were conducted using MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003) and running four simultaneous Markov chains for 10 million generations, sampling every 1000 generations, and discarding the first 25% generations as burn-in (as judged by plots of ML scores and low SD of split frequencies) to prevent sampling before reaching stationarity. Two independent Bayesian inference runs were performed to increase the chance of adequate mixing of the Markov chains and to increase the chance of detecting failure to converge.
The best partition schemes and best-fit models of substitution for the three data sets were identified using Partition Finder and Partition Finder Protein (Lanfear et al., 2012) with the Akaike information criterion. For the mt data set the partitions tested were: all genes combined; all genes separated; all genes separated except nad4/nad4L and atp8/atp6; genes grouped by subunits i.e., cox, atp, nad and cob. For the nuclear data set the two partitions tested were:
all genes combined versus all genes separated. The results of Partition Finder are shown in the Appendix. Support for internal branches was evaluated by non-parametric bootstrapping (Felsenstein, 1985) with 1000 replicates (ML) and by posterior probabilities (BI).
Estimation of divergence times
We used BEAST v.1.7 to perform a Bayesian estimation of divergence times among major gastropod lineages based on the mt amino acid data set. This software was used to infer tree topology, branch lengths, and nodal ages. For the clock model, we selected the lognormal relaxed-clock model, which allows rates to vary among branches without any a priori assumption of autocorrelation between adjacent branches. For the tree prior, we employed a Yule process of speciation. The ingroup was considered monophyletic with respect to the outgroup (O. vulgaris). We employed the partitions selected by Partition Finder Protein (see above), and the mtREV model for all partitions as selected by PROTTEST (Abascal et al., 2005) among the ones available in BEAST. The final Markov chain was run twice for 50 million generations, sampling every 1,000 generations and the first 5 million was discarded as part of the burn-in process, according to the convergence of chains checked with Tracer v.1.5. . The effective sample size of all the parameters was above 200.
The posterior distribution of the estimated divergence times was obtained by specifying five calibration points as priors for divergence times of certain splits, using a lognormal distribution of prior probability. Fossils provided hard minimum bounds (offset) and mean and standard deviations (SD) were chosen so that the 95% probability limit corresponds to a soft maximum bound. Details on fossil dates for each calibration point are: a prior of 390 MY was used for the divergence of the Heterobranchia, based on the oldest known fossil of the Heterobranchia, documented from the Middle Devonian (Bandel and Heidelberger, 2002) . Caenogastropods become recognized in the Early
Carboniferous (Bandel, 1997) and thus a prior of 350 MY was used as its divergence time. Although possible stem group representatives of modern neogastropods are the Triassic-Cretaceous Maturifusidae (Kaim, 2004) , the earliest record of muricoidean gastropods is known from the early Cretaceous.
Hence, a normally distributed estimate prior of 140 MY was used for the divergence of the Neogastropoda from the other caenogastropods lineages.
Within Heterobranchs, Pyramidelloidea are known since the Early Jurasic (Kaim, 2004) , hence a prior of 190 MY was used for the divergence of the Pyramidelloidea from basal pulmonates. Likewise, Acteonidae dates back to the Mid Jurassic (Kaim, 2004) , so we considered a prior of 170 MY for the divergence time of the Acteonoidea from the other major groups of opisthobranchs.
Results and Discussion
Mitochondrial genome organization and structural features
The complete mitochondrial genome of Ifremeria nautilei was sequenced and assembled as a 15,664 pb circular molecule. The Illumina sequencing produced 289.66 Mb of sequence data (quality score Q30= 95%) and 81% of the raw reads (2,867,960) passed the adapter and quality trimming thresholds. The final assembly had a sequencing depth over 14000x. As is the case for most metazoans (Boore, 1999) , the mtDNA encodes for 13 protein-coding genes, 22 tRNAs, and 2 rRNAs (Fig 1) . The major strand encodes 29 out of the 37 genes (cox1, cox2, trnD, atp6, atp8, rrnS, trnV, rrnL, trnL(uaa), trnL(uag), nad1, trnP, nad6, cob, trnS(uga), nad4L, nad4, trnH, nad5, trnF, cox3, trnK, trnA, trnR, trnN, trnI, nad3, trnS(gcu), nad2) . The genes nad4/ nad4L and atp8/atp6 overlapped, respectively. All protein-coding genes start with ATG with the exception of nad4 that begins with ATA; cox1, cox2, atp8, atp6, cob, cox3, nad3 and nad2 end with TAA, and nad4l, nad4 and nad5 with TAG. The remaining genes (nad1 and nad6) end with a single T, which presumably becomes functional by subsequent polyadenylation of the transcribed messenger RNAs (Lopez Sanchez et al., 2011) . The range in size of the 22 tRNA genes is from 67 to 72 nucleotides.
There are 27 noncoding regions, eight of them being longer than 30 base pairs, with a maximum of 56 bps (Fig. 1) . The largest one was found adjacent to cox3 gene, in a position that has been postulated as candidate to contain the control region in other gastropod mt genomes (Kurabayashi and Ueshima, 2000) .
Moreover, it has been suggested that some of these intergenic regions may be remnants of translocation events (Hidaka et al., 2012) . All these intergenic regions show high A+T frequencies.
The gene order of the mt genome of I. nautilei was compared against that of other gastropods and a cephalopod (Fig. 2) . It was found to be very similar to the gene arrangements reported for caenogastropod mt genomes (Fig. 2) .
Mitochondrial genome organization in gastropods is prone to rearrangements between main lineages but relatively stable within these, changes being restricted to tRNA genes (Grande et al., 2008; Cunha et al., 2009 ). Therefore, a mt gene arrangement can be used as a fair proxy to assign any gastropod to one of the main lineages, and in the case of I. nautilei, its assignment to the Caenogastropoda (Cunha et al., 2009) . Within caenogastropods, the closest gene order is that shared by the mt genomes of O. hupensis, C. parthenopeum and B. brandaris, which only differs to that of I. nautilei in the relative position of the trnW gene, which in the former is located between the trnC and trnQ genes and in the latter is found between the trnM and trnY genes (Fig. 2) . The ancestral position of the trnW gene in gastropods was likely between the trnY and trnQ genes, as is found in some Cephalopoda (Yokobori et al., 2004) , Polyplacophora (Boore and Brown, 1994) and some Bivalvia (Plazzi et al., 2013) . Within gastropods, Vetigastropoda, Neritimorpha, and Caenogastropoda, have the trnC normally between trnY and trnW (the relative position of the trnC could be a molecular synapomorphy indicating a common ancestor of the three groups) (Castro and Colgan, 2010) (Fig. 2) . In I. nautilei, the trnW has been transposed to the region between the trnM and trnY genes. This location is shared with genus Alviniconcha but not with other Abyssochrisoidea that show the typical arrangement of Caenogastropoda (Hidaka et al., 2012) . Therefore, the transposition of the trnW likely occurred in the common ancestor of Ifremeria and Alviniconcha (Hidaka et al., 2012) .
Phylogenetic analyses
The molecular phylogeny of Caenogastropoda was reconstructed based on the mt, nuclear and combined data sets using ML and BI. After removing ambiguously aligned positions, the final mt amino acid matrix contained 3,091
sites. Both, ML (-lnL= 53530.051406) and BI (-lnL= 61906.69 for run1; -lnL= 61907.30 for run2) analyses based on the mt dataset arrived at the same tree topology, and only showed differences in branch lengths and levels of support (Fig. 3) . The reconstructed tree recovered two highly supported clades, one consisting of Patellogastropoda and Heterobranchia, and the other including Vetigastropoda as sister group of Neritimorpha and Caenogastropoda (Fig. 3 ).
Within Caenogastropoda, the superfamily Vermetoidea was recovered as sister group of the remaining caenogastropod superfamilies (Fig. 3) . The reconstructed tree placed I. nautilei deep within Caenogastropoda, as sister group of Tonnoidea and Neogastropoda (Muricoidea and Conoidea) ( Fig. 3) with high statistical support (83% bootstrap; 0.98 posterior probability).
The nuclear matrix was analyzed at the nucleotide level, and had a final length of 1,297 sites. The ML (-ln L= 7530.363630) and BI (-ln L= 7631.83 for run1; -ln L= 7632.10 for run2) analyses based on the nuclear dataset arrived at the same tree topology, and only showed differences in branch lengths and levels of support (Fig. 4) . Patellogastropoda was placed as sister group of the remaining gastropods with high support (Fig. 4) . Neritimorpha was recovered as sister group of Vetigastropoda whereas Caenogastropoda was grouped with Heterobranchia (Fig. 4) . The statistical supports of both clades were low. The genus Ifremeria was placed within Caenogastropoda, although internal relationships within this group were unresolved (Fig. 4) .
The combined data set had a final alignment of 4,388 positions. In this case, the ML (-ln L= 61607.400080) and BI (-ln L= 69984.47 for run1; -ln L= 69987.43 for run2) inferred topologies differed only in the relative position of Vetigastropoda (affecting the only two nodes in the tree without strong statistical support) (Fig. 5) . Both trees recovered Patellogastropoda as sister group of Heterobranchia. In the ML tree, Vetigastropoda and Neritimorpha form a clade (with low support), which is the sister group of Caenogastropoda (70% bootstrap). In the BI tree, Vetigastropoda is recovered unusually as sister group of the remaining gastropods (whose relative relationships are the same as in the ML tree) but without support (not shown). In both trees, Ifremeria is recovered deep within Caenogastropoda as sister group of the superfamily Tonnoidea and Neogastropoda (superfamilies Muricoidea and Conoidea) (Fig.   5 ).
Phylogenetic analyses reconstructed remarkably different topologies depending on the dataset analyzed. In recent days, Patellogastropoda is considered the sister group of the remaining gastropods (e.g., (Ponder and Lindberg, 1997) , and as such is placed in the nuclear-based phylogeny.
Instead, the mt-based and combined phylogenies recover Patellogastropoda as sister group of Heterobranchia with maximal support (Grande et al., 2008; Arques et al., 2014) . It has been suggested that this result could be due to a long-branch attraction (LBA) phenomenon (Grande et al., 2008; Stöger and Schrödl, 2013) . However, Lottia has a long branch, regardless of the marker, and the effect of the LBA would be to push the branch of Patellogastropoda next to the root not to Heterobranchia. Therefore, the unusual position of Patellogastropoda has to be associated to a mt-specific feature, which could be the extraordinary level of gene rearrangement of the mt genome of Lottia, which could be introducing e.g. strand biases (Hassanin et al., 2005) . Vetigastropoda are sister groups (nuclear and combined, this study; (Arques et al., 2014; Williams et al., 2014) or not (mt, this study; (Aktipis and Giribet, 2010; Castro and Colgan, 2010) would remain an open question.
While the monophyly of Caenogastropoda is strongly supported both by morphological and molecular studies (e.g. (Ponder and Lindberg, 1997; Strong, 2003; Colgan et al., 2007; Williams et al., 2014) as well as by our reconstructed trees, phylogenetic interrelationships within the clade at the family and superfamily levels remain largely unresolved, with many higher taxa probably being paraphyletic or even polyphyletic (Colgan et al., 2007; Cunha et al., 2009; Williams et al., 2014) . In this regard, the mt-based and combined phylogenies recover Littorinimorpha as paraphyletic with respect to Neogastropoda with high statistical support. Moreover, the nuclear-based phylogeny finds Littorinimorpha to be polyphyletic (due to a closer relationship of Tonnoidea to Neogastropoda), although with low statistical support. The relatively basal position of Vermetoidea in all trees is against morphological phylogenies (e.g., (Strong, 2003) and previous molecular studies (Colgan et al., 2007) , and needs to be taken with caution due to the long branch of the vermetid genus Dendropoma and major gene order rearrangement of its mtDNA (Rawlings et al., 2010) .
Altogether, these results prompt for a revision of the Hypsogastropoda Ever since its description, the family Provannidae was postulated to belong to the Caenogastropoda, although with uncertain phylogenetic position (Warén and Ponder, 1991; Warén and Bouchet, 2001; Bouchet and Rocroi, 2005) . According to our results, Ifremeria is nested deep within the Hypsogastropoda among the superfamilies that constitute the Littorinimorpha evolutionary grade. These results would be in agreement with a previous 16S-based phylogeny (Colgan et al., 2007) and observed affinities of Provanna and Littorinoidea at the sperm ultrastructure (Healy, 1990 ).
Divergence times
The reconstructed relaxed timetree (Fig. 6 ) placed the origin of gastropods about 517 MYA. The earliest fossil assigned to mollusks is Kimberella (Fedonkin and Waggoner, 1997) MYA. This is in agreement with the oldest reliable fossil record of Abyssochrysidae, Acanthostrophia acanthica from Italy that traces back to the Middle Jurassic (Bajocian; 168-170 MYA) (Kaim et al., 2008) . The earliest fossils of the families Provannidae and Hokkaidoconchidae are also found in seep deposits that date back to the Late Jurassic (Kaim et al., 2008; Kiel et al., 2008; Kiel, 2010) . Overall, the position of Ifremeria in the reconstructed molecular phylogeny and the divergence time corresponding to that node in the timetree support that the origin of the Abyssochrisoidea is relatively modern (Late Mesozoic-Early Cenozoic), in agreement with the fossil record (Little and Vrijenhoek, 2003) and within the range (93-228 MYA) inferred based on universal mt and nuclear fragments (Johnson et al., 2010) . In this regard, it has been proposed that most of the deep-sea fauna went extinct during the Cenomanian-Turonian anoxic event in the Early Cretaceous, and that modern vent and seep faunas occupied the empty niches, expanding from shallower water refugia (Jacobs and Lindberg, 1998) .
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